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Heterogeneous Sorption Processes in Subsurface
Systems: Development and Application of Models to
Batch Systems

Joseph A. Pedit and Cass T. Miller transfer rate model have met with only limited success
in batch systems (e.g., Miller and Weber, 1986; Wu and

Introduction Gschwend, 1986). An instantaneous equilibrium
Contamination of sediment, soil, and subsurface fraction is often incorporated into rate modeling of

environments by hydrophobic organic compounds has batch systems to improve model fits (e.g., Miller and
led to significant research in sorption processes. Many Weber, 1986; Ball and Roberts, 1991b). The need to use
mathematical models have been formulated for model- an instantaneous equilibrium fraction in rate modeling
ing the sorption process; most use a deterministic of batch systems is likely to be a result of model
framework and assume an idealized homogeneous misspecification caused by variations in sorption
sorbent structure. However, natural systems display equilibrium and rate properties at the grain scale.
heterogeneities at scales ranging from the megascale
used to describe large natural systems to the microscale The first type of models that we have formulated is
of an individual grain or aggregate. an extension of diffusion-type models. The diffusion

process can be modeled by Fick's law for a well-defined
Experimental investigations of sorption processes geometry or by a first-order mass transfer approxima-

are often conducted in batch systems in an effort to tion.
isolate the sorption process from advective and disper-
sive phenomena. Modeling of such systems requires a Diffusion models based on Fick's law often assume
description of sorption equilibrium and rate properties. that the sorption process is controlled by pore or surface
Most sorption models assume the solid phase of a bulk diffusion into a well-defined particle geometry, usually a
sample to be homogeneous with respect to sorption sphere. Pore diffusion is envisioned to occur in the
equilibrium and rate properties, although many experi- mtraparticle pore spaces of minerals and aggregates.
mental investigations have demonstrated otherwise. Surface diffusion is envisioned to occur along

intraparticle pore walls. The pore diffusion modeling
This article provides an overview of models approach has been extended to include an instantaneous

formulated to address sorption equilibrium and rate equilibrium fraction in an effort to improve model fits
property heterogeneities within a bulk sample. A subset (e.g., Ball and Roberts, 1991b).
of the models is fit to an experimental data set.

Our general model based on Fick's law incorporates

Sorption Models the major features that have been used by other re-
The sorption process is assumed to be diffusion searchers. The general model formulation allows for

limited. The time required for a solute-sorbent system both pore and surface diffusion, multiple particle classes
to reach equilibrium has been observed to be related to with different physical properties and sorption param-
the magnitude of the equilibrium distribution relation- eters, and an instantaneous equilibrium fraction for each
ship (Karickhoff and Morris, 1985; Brusseau and Rao, particle class.
1989), and, to some extent, particle size (Ball and
Roberts, 1991a, 1991b); both observations are consistent First-order mass transfer model formulations for the
with a diffusion-limited process. Given the variations in sorption process are frequently used for modeling batch
equilibrium distribution relationships and particle size systems (e.g., Miller and Weber, 1986; Wu and
that are possible within a bulk sample, it is not surpris- Gschwend, 1986). Wu and Gschwend (1988) attempted
ing that sorption modeling approaches that incorporate to account for the possible effect of particle size varia-
equilibrium distribution relationships that are measured tions within a bulk sample by allowing for multiple
on a bulk sample and incorporate a first-order mass particle classes, with the first-order mass transfer
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I I t ........ 1 fit[.. I with these model formulations, but such an approach is
Pu -mn Df impractical from an experimental and modeling

Pulverized Toth perspective. A more viable approach is to describe the
sorption equilibrium and rate parameters of the bulk

Un0 VenIaed •sample with a continuous bivariate probability density
.......Unpu.zed Toth I function, which we have applied to a first-order mass

. Utransfer framework. In our model formulation, we
- assume that the sorption equilibrium and first-order

Smass transfer coeffi cients are random variables with

• , their distribution given by the bivariate lognormal
probability density function. The model can be simpli-

LJAJ fled when the sorption equilibrium parameter is
10 4 constant throughout the bulk sample. The simplified

model describes the continuously distributed first-order
mass transfer coefficient by the lognormal probability

0 Idensity function.
100 1000 10000

Flu h Sot Contrn ,gfl) Application of Models
A subset of the models described above was fit to

Figure 1. Experimental data and Toth model fits for the distribu- the results of a sorption rate experiment. Sorption
tion of diuron at 12 weeks on pulverized and unaltered equilibrium and rate experiments were conducted with
Wagner material. the herbicide diuron on a glacially-deposited material

(Wagner) with an organic carbon content of 0.22 ±
coefficient for each particle class being inversely related 0.02%. Glacially-deposited materials are typically
to the square of the particle radius, heterogeneous with respect to particle size and origin,

and the Wagner material sample is no exception.
A fraction of equilibrium-type sorption sites are

often included in first-order mass transfer models which Equilibrium experiments were conducted on
have been used to model batch systems (e.g., Karickhoff unaltered and pulverized material. The material was
and Morris, 1985; Miller and Weber, 1986). First-order pulverized because the use of pulverized material in
mass transfer models that include a fraction of equilib-
rium-type sorption sites are often referred to as
bicontinuum models. Physical process interpretations 1.0
of bicontinuum models, often referred to as two-region
or mobile-immobile fluid-phase models, assume that all -. 0
of the sorption sites are at equilibrium with the adjacent 0.8

fluid-phase solute concentration. However, transfer of .- -
solute between the mobile and immobile fluid phases is
diffusion controlled. In our model formulation, the 06

mobile and immobile fluid phases are viewed as the
o..

bulk and the intraparticle fluid phases, respectively. A 0.4
general first-order mass transfer model, which allows oDta
for multiple particle classes with equilibrium and - oeueion
diffusion-controlled sorption sites, was formulated to be 0.2 -- - Fr Order "0
consistent with the general model based on Fick's law. _rm Rob

The two general model formulations outlined above 0.0 .. I ....... I. I ......
1 10 100 1000 10000

attempt to address the variability that is possible in a TIe (hours)
bulk sample. Each particle class of a bulk sample could Figure 2. Experimental data and two-parameter model fits for
be assigned physical properties and sorption parameters diuron sorption on unaltered Wagner material.
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sorption equilibrium experiments has been shown to instantaneous equilibrium fraction or approaches
substantially reduce the time required to reach equilib- similar to the lognormally distributed first-order mass
rium without significantly altering the final equilibrium transfer model are expected to provide good descriptions
(Ball and Roberts, 1991a, 1991b). The experiments of experimental results. 0
were allowed to equilibrate for 12 weeks. The results of
the equilibrium experiments on the unaltered and References
pulverized materials along with the Toth equilibrium Ball, W. P., and P. V. Roberts, Long-term sorption of
model fits are shown in Figure 1. The pulverized halogenated organic chemicals by aquifer material, 1.
material sorbed about 2.3 times as much as the unal- Equilibrium, Environmental Science and Technology,
tered material at a given equilibrium bulk fluid-phase 25, 1223-1237, 1991a.
solute concentration. These results suggest that the
unaltered material was far from equilibrium even after Ball, W. P., and P. V. Roberts, Long-term sorption of
12 weeks. The equilibrium data of the pulverized halogenated organic chemicals by aquifer material, 2.
material are probably more representative of true Intraparticle diffusion, Evironmental Science and
equilibrium and the Toth model fit of the results on the Technology, 25, 1237-1249, 1991b.
pulverized material was used for rate modeling. Brusseau, M. L., and P. S. C. Rao, The influence of

sorbate-organic matter interactions on sorption
The rate study used for the sample application of nonequilibrium, Chemosphere, 18, 1691-1706, 1989.

the rate models had an initial bulk fluid-phase solute Karickhoff, S. W., and K. R. Morris, Sorption dynamics
concentration of 3050 mgxL"1, a mass of solids of 5 g, of hydrophobic pollutants in sediment suspensions,
and a volume of bulk fluid of 24.9 mL. Three rate Enviropho xicollutan d Chemist 4,pnsos
models with two adjustable parameters were fit to the E7 n t T l ny ,
data set. These models included the Fickian diffusion 479, 1985.
model with a single particle class assuming pore Miller, C. T., and W. J. Weber, Jr., Sorption of hydro-
diffusion with an instantaneous equilibrium fraction, the phobic organic pollutants in saturated soil systems,
first-order mass transfer model with a single particle Journal of Contaminant Hydrology, 1, 243-261,
class with an instantaneous equilibrium fraction, and 1986.
the stochastic version of the first-order mass transfer
model with a continuously distributed first-order mass Wu, S-c., and P. M. Gschwend, Sorption kinetics of
transfer coefficient given by a lognormal probability hydrophobic organic compounds in natural sediments

density function. The results of the sorption rate and soils, Environmental Science and Technology,
experiment and the three model fits are shown in Figure 20, 717-725, 1986.
2. The stochastic version of the first-order mass transfer Wt, S-c., and P. M. Gschwend, Water Resources
model provided the best fit to the experimental data. Research, 24, 1373-1383, 1988.
The pore diffusion model fit was only slightly worse, but
still accurately captured the dynamics of the system.
The single particle class, first-order mass transfer model
with an instantaneous equilibrium fraction provided a This work was supported by Grant DAALAO3-92-G-
poor fit to the data. This model overpredicts early 0111 from the Army Research Office.
uptake and also approaches equilibrium too rapidly.

Obviously, insight into the proper modeling
approach requires additional experimental information
on variations in sorption equilibrium and rate properties
within a bulk sample. The time and effort involved in
such detailed experimental work would be prohibitive
for most investigations of sorption behavior. Barring
such detailed investigations, modeling sorption rates of
bulk solids in batch systems using approaches similar to
the single particle class, pore diffusion model with an
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